Phosphoramide mustard-induced DNA interstrand cross-links were studied both in vitro and by computer simulation. The local determinants for the formation of phosphoramide mustard-induced DNA interstrand crosslinks were defined by using different pairs of synthetic oligonucleotide duplexes, each of which contained a single potentially cross-linkable site. Phosphoramide mustard was found to cross-link dG to dG at a 5'-d(GAC)-3'. The structural basis for the formation of this 1,3 cross-link was studied by molecular dynamics and quantum chemistry. Molecular dynamics indicated that the geometrical proximity of the binding sites also favored a 1,3 dG-to-dG linkage over a 1,2 dG-to-dG linkage in a 5'-d(GCC)-3' sequence. While the enthalpies of 1,2 and 1,3 mustard cross-linked DNA were found to be very close, a 1,3 structure was more flexible and may therefore be in a considerably higher entropic state.
Cyclophosphamide is an important alkylating agent that has been widely used in treating various malignant tumors (1) . DNA interstrand cross-links appear to be the primary cytotoxic adduct and the base of antitumor activity of phosphoramide compounds (2, 3) . Many studies have suggested that DNA interstrand cross-links induced by alkylating agents prevent the separation of the strands of the DNA helix and thus inhibit DNA replication (4) (5) (6) . Further clarification of the molecular interactions between DNA and cross-linking agents is necessary to understand the cellular responses to DNA interstrand cross-links and the manner by which such lesions are recognized and repaired in mammalian cells.
Phosphoramide mustard [PM, HOP(O)(NH2)N(CH2CH2Cl)2], the pharmacologically active metabolite of cyclophosphamide, primarily alkylates the N7 atom of guanines in DNA (7, 8) . It has been postulated that the DNA sequence 5'-CG-3' imparts a topologic and geometric condition favoring formation of DNA interstrand cross-links by nitrogen mustard compounds (4) . An early computer modeling study suggested that PM favors a 5'-GC-3' DNA sequence (resulting in a 1,2 cross-link) (9); however, several experimental studies with nitrogen mustard [CH3N(CH2CH2Cl)2] have indicated that 5'-GNC-3' (a 1,3 cross-link) is the sequence for the nitrogen mustardinduced DNA cross-link (10) (11) (12) . Since DNA cross-links induced by nitrogen mustard and PM are structurally similar, it is conceivable that PM can form a 1,3 instead of a 1,2 linkage. However, no experimental evidence has been published to support either model.
We have designed several pairs of synthetic oligonucleotide duplexes to define the local determinants of PM-induced cross-link formation in vitro. In addition, molecular dynamics
The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. and quantum chemistry were applied to study the structural basis for the linkage induced by nitrogen mustards. Oligonucleotides were purified by electrophoresis in a denaturing 20% polyacrylamide gel (ref. 13, pp. 11.23-11.28 ) and eluted by soaking the crushed gel pieces containing the correct size in distilled water at 14°C. The oligonucleotide eluate was passed through a Sephadex G-25 column to remove urea and salts, and the oligonucleotides were concentrated in a SpeedVac (Savant), divided into aliquots, and stored at -70°C. One of the oligonucleotides in each pair was phosphorylated at the 5' end by T4 polynucleotide kinase (ref. 13 , pp. 5.68-5.71). The reaction was terminated by adding EDTA to a final concentration of 10 mM, and the solution was passed through a G-25 column to remove ATP. The labeled oligonucleotide was purified again as described above.
MATERIALS AND METHODS
Two complementary oligonucleotides (1 ,uM each) were mixed in 50 mM sodium phosphate, pH 7.0, heated at 68°C for 3 min, and allowed to cool to room temperature over several hours just before the drug treatment. The annealed DNA oligonucleotide duplexes or single-strand oligonucleotides (at 1 j,M) were treated with various concentrations of PM in 50 mM sodium phosphate for 4 hr at room temperature. The reaction mixture was stored at -20°C or electrophoresed immediately. The gel was run at 1600 V in 90 mM Tris borate/2 mM EDTA buffer, pH 8.0, for at least 2 hr before loading. An end-labeled oligonucleotide ladder was loaded on the same gel (Pharmacia). After electrophoresis at 1800 V for 2 hr at 50°C, DNA species were visualized by autoradiography. Cross-linked oligonucleotide duplexes visualized in this manner were excised from the gel and purified as described above. Oligonucleotides were sequenced by the Maxam-Gilbert method, using the G, G+A, C, and T+C reactions (14, 15 After the initial construction and minimization, a recommended preparation protocol was followed wherein the DNA was held fixed while the water was heated and cooled twice from 20 to 300 K over equal intervals totaling 4 ps (25) . With no atoms held fixed, the systems were then subjected to 400 steps of conjugate gradient minimization and then heated from 0 K to 300 K by periodically rescaling the velocities over a period of 1 ps. Similar results were achieved when a heating period of 10 ps with a correspondingly shorter equilibration period thereafter was used. All molecular dynamics and energy minimizations were carried out by an in-house program CCEMD (26, 27) which employed the parameters and force fields found in the CHARMm22 program and parameter ("RTF") files (28 The internal energies of the bare NNM linkages were determined by ab initio quantum chemistry calculations. To this end, the NNM cross-link was isolated from the DNA at regular intervals along the molecular dynamics trajectory, and the guanine N7s were replaced with hydrogens whose positions were adjusted to the appropriate C-H bond distance. Each 16-atom structure was then optimized with the GAUSSLAN 94 program (30) at the Hartree-Fock level oftheory, using a 6-31G* basis set while constraining the terminal hydrogens and the ,3 carbons to their molecular dynamics-derived positions (31) . tard, which forms only monoadducts. As shown in Fig. 2 , slowmigrating bands were generated with pair P1 upon treatment with PM, with a mobility similar to that of the 32-mer. The upper band was the cross-linked duplex as confirmed by DNA chemical sequencing. The lower band existed across all experimental conditions in the overexposed film (with or without PM treatment). In the control pair P1C, which differed from pair P1 only by a single base pair, no PM-induced DNA cross-link was formed under identical conditions. At a 10-mM dose, about 0.1% of the duplex was cross-linked after 4-hr drug treatment as judged by direct measurement of radioactivity. The amount of cross-linked DNA was further increased (up to 1%) upon postincubation without PM at room temperature for another 24 hr. In addition, a significant reduction in mobility of both single-and doublestranded oligonucleotides was observed when they were treated with PM. This effect, however, was not observed with dechlorophosphoramide mustard at a concentration up to 100 mM (data not shown). As depicted in Fig. 3 , PM-induced DNA cross-links were formed only in duplexes that contain a 1,3 potentially cross-linkable site (P1, P2, and P4) and not in duplexes that had a 1,2 potentially cross-linkable site (P3). Pair P5, which contains a 1,4 potentially cross-linkable site, was not cross-linked by PM under the identical conditions (data not shown).
RESULTS

Design of
As noted in Fig. 3 , a 5'-TGAC-3' site (in P2) was also cross-linked by PM. Its cross-linking efficiency was the same as compared with the P1 duplex despite the presence of T in front of G. This result does not concur with an earlier computer modeling study, which predicted that thymine methyl groups adjacent to guanine will inhibit interstrand cross-link formation at 5'-GC-3' (9).
DNA Chemical Sequencing of the Cross-linked Product. The volatile secondary amine piperidine has been shown to create strand breaks at sites of 7-alkylguanines (16, 32) . To reveal the guanines that were alkylated by PM in the duplex oligonucleotides, DNA chemical sequencing and piperidine hydrolysis of the cross-linked products were employed. The cross-linked product was purified from the denaturing PAGE, then heated at 90°C either with or without piperidine. As shown in Fig. 4 , without piperidine treatment, the majority of the cross-linked material (P1) remained intact. In contrast, the cross-linked product (SV1- (Table 1) are displayed on the left (C, T+C, G+A, and G lanes). Lanes labeled 1 and 2 contained the PM-cross-linked duplexes (SV1-labeled) with or without piperidine hydrolysis, respectively. Lanes 3 and 4 show the cross-linked product whose 5' end of SV2 was labeled, without and with piperidine hydrolysis, respectively. The right-hand side shows the sequencing ladder of SV2 (G, G+A, T+C, and C lanes). Side labels indicate the bases of the cross-linkable site.
end-labeled) was specifically hydrolyzed by piperidine at the position of Gi1. The cross-linked product (SV2-end-labeled) was hydrolyzed only at G8 in the oligonucleotide. We thus conclude that these two guanines make up the site for the formation of the DNA cross-link induced by PM.
Structure Study of PM-Induced DNA Interstrand Crosslink The calculated energies of the two linked systems (1,2 and 1,3 cross-linked DNA) were not directly comparable because they contained different numbers of solvent molecules. For this reason, at 1-ps intervals along the molecular dynamics trajectories, the total solute energies of the bare DNA were calculated. To reduce the errors that would occur for gas-phase energies calculated by molecular mechanics, such as a loss of screening between charged groups, these energies were calculated by using an algorithm based on the solvent-accessible surface area (33) in the absence of explicit solvent molecules. The continuum-solvated energies of the cross-linked DNA structures were compared over the course of two 200-ps dynamics studies. After a 25-ps equilibration period, the energies became comparable, but they fluctuated broadly over a 100-kcal/mol range, indicating that neither structure was lower in energy. To remove the large, randomly fluctuating contributions to these energies by the 10 non-cross-linked base pairs, the coordinates of the link atoms, collected at regular (AAG) ; i.e., the 1,3 cross-link reaction yields a more entropic product than the 1,2 cross-link reaction. Alternatively, if the distribution of products is kinetically determined, then the 1,3 linkage must have a lower reaction barrier AGt or be statistically more likely to achieve a conformation favoring the cross-linking reaction (greater Arrhenius A factor). Since the reaction enthalpies for the 1,2 and 1,3 cross-link reactions are comparable, the Hammond postulate (34) implies that the reactions have comparable transition enthalpies (AHt), leaving the transition entropy and kinetic feasibility as possible discriminants. A reasonable diagnostic of the relative reaction and transition entropies of the cross-linked DNA is the flexibility of the cross-link, which is directly related to the dG-to-dG N7-to-N7 separation distance. The kinetic feasibility of the cross-linking reaction can be estimated from the molecular dynamics trajectories; the cross- Proc. Natl. Acad. Sci. USA 92 (1995) linking can occur only if the monoadducted DNA can adopt a favorable conformation. To determine if this occurs, the minima of the guanine N7-to-N7 distance from the "unlinked" pair of curves were compared to the maxima of the respective "linked" counterparts. Fig. 5 Our results of the molecular dynamics studies must be interpreted in terms of enthalpy, entropy, and kinetics. Comparisons of the internal energies yield the relative enthalpy; measures of the relative flexibility are suggestive of the relative entropy of the reaction; and the accessibility of conformations favorable for the reaction to take place is a measure of the kinetics of the cross-linking reaction.
The i1, linkage is more flexible, as observed in the measured interstrand dG-to-dG N7 distances. Although the 1,3 N7-to-N7 distance is on average 0.9 A larger than the 1,2 distances, it spans nearly the entire range of the 1,2 distance during this simulation (cf Fig. 5 ). Thus, while the 1,2 and 1,3 linkages may be very similar enthalpically, the 1,3 linkage is favored entropically.
The 1,3 cross-link is also kinetically favored. The distributions of 1,3 dG-to-dG N7-to-N7 distances for the linked and unlinked DNA are nearly overlapping (distributions not shown, but four very close approaches can be seen for the 1,3 linkage in Fig. 5 Lower), whereas the corresponding distributions for the 1,2 case are more than 0.4 A apart. Remias et al. (18) monitored a monoadduct nitrogen mustard in a similar molecular dynamics simulation. Much the same behavior was observed in watching for the unbound active group to come within a reasonable distance of the relevant guanine N7: the 1,3 linkage became accessible to nucleophilic attack by the N7 in an 80-ps simulation, while the 1,2 linkage did not. Note that simulations with the bulkier PM moiety instead of NNM should further favor the less-hindered 1,3 linkage.
In summary, the main computational findings are that the enthalpies of 1,2 and 1,3 NNM cross-linked DNA are very similar, but the 1,3 structure is considerably more flexible and thus is expected to be in a considerably higher entropic state. The dynamics of the unlinked DNA also kinetically favors the formation of the 1,3 linkage simply because the 1,3 guanine N7-to-N7 distance is closer to that distance in the cross-linked product. These findings represent at least a partial explanation for the experimental observations of the production of a 1,3 cross-link in DNA by bifunctional nitrogen mustards.
